1. Voluntary activation of elbow flexor muscles can be optimal during brief maximal voluntary contractions (MVCs), although central fatigue, a progressive decline in the ability to drive the muscle maximally, develops during sustained or repeated efforts. We stimulated the motor cortex and motor point in human subjects to investigate motor output during fatigue. 2. The increment in force (relative to the voluntary force) produced by stimulation of the motor point of biceps brachii increased during sustained isometric MVCs of the elbow flexors. Motoneuronal output became suboptimal during the contraction, i.e. central fatigue developed and accounted for a small but significant loss of maximal voluntary force. During 3 min MVCs, voluntary activation of biceps fell to an average of 907 % from an average of >99%. 3. The increment in force (relative to the voluntary force) produced by magnetic cortical stimulation was initially small (1-0%) but also increased during sustained MVCs to 9-8% (with a 2 min MVC). Thus, cortical output was not optimal at the time of stimulation nor were sites distal to the motor cortex already acting maximally. 4. A sphygmomanometer cuff around the upper arm blocked blood supply to brachioradialis near the end of a sustained MVC and throughout subsequent brief MVCs. Neither maximal voluntary force nor voluntary activation recovered during ischaemia after the sustained MVC. However, fatigue-induced changes in EMG responses to magnetic cortical stimulation recovered rapidly despite maintained ischaemia. 5. In conclusion, during sustained MVCs, voluntary activation becomes less than optimal so that force can be increased by stimulation of the motor cortex or the motor nerve. Complex changes in excitability of the motor cortex also occur with fatigue, but can be dissociated from the impairment of voluntary activation. We argue that inadequate neural drive effectively 'upstream' of the motor cortex must be one site involved in the genesis of central fatigue.
Fatigue is an exercise-induced decrease in the maximal force produced by a muscle. Most of the decline in maximal voluntary force occurs through processes in the muscle, distal to the neuromuscular junction (e.g. Merton, 1954; Westerblad, Lee, Lannergren & Allen, 1991) . However, changes in the performance of any or all sites in the pathway from the motor cortex to the muscle fibre may contribute to fatigue, so that impairment of muscle performance is not necessarily the limiting factor in force production from a fatigued muscle. Under some conditions, neural activity does not drive the muscle to generate the full force of which it is capable (Mosso, 1904; Ikai & Steinhaus, 1960; BiglandRitchie, Jones, Hosking & Edwards, 1978; McKenzie, Bigland-Ritchie, Gorman & Gandevia, 1992) . During a maximal effort, the degree of voluntary activation of a muscle can be assessed by supramaximal electrical stimulation of the motor nerve (Merton, 1954 Moore & Russell, 1986; Hayward, Breitbach & Rymer, 1988; Garland & McComas, 1990; Duchateau & Hainaut, 1993) , such alterations are not themselves indications of central fatigue. Motoneurone firing rates decrease during a sustained voluntary contraction but this is a functionally useful change which matches activation to the slower contractile properties of the muscle (BiglandRitchie, Johansson, Lippold & Woods, 1983; Marsden, Meadows & Merton, 1983) . However, too great a slowing of neuronal firing would constitute central fatigue. Altered feedback from large-and small-diameter muscle afferents during sustained contractions can influence the behaviour of a-motoneurones and the level of voluntary activation. In non-fatigued muscle, pain reduces voluntary activation (Rutherford, Jones & Newham, 1986; Gandevia & McKenzie, 1988) and, therefore, the small-diameter muscle afferent input during a sustained contraction may be expected to lead to a progressive failure of voluntary activation. The discharge of muscle spindle afferents decreases during a sustained contraction and may also be implicated in central fatigue (Macefield, Hagbarth, Gorman, Gandevia & Burke, 1991) . Vibration of fatigued muscle during a prolonged maximal voluntary effort increases spindle firing and increases force output (Bongiovanni & Hagbarth, 1990) . However, muscle afferents do not project only to spinal levels and, therefore, any contribution to central fatigue could be mediated supraspinally. The excitability of the cortex in human subjects is altered during fatigue. When transcranial magnetic stimuli are delivered during fatiguing isometric contractions, both the size of the evoked compound muscle action potential (MEP) and the duration of the subsequent period of near-silence of the EMG (silent period) increase. These changes appear to occur supraspinally and may reflect increased voluntary drive to the motor cortex (Taylor, Butler, Allen & Gandevia, 1996) . However, the relationship of these alterations to central fatigue is unknown. Figure 1 . Reduction in voluntary force and increase in interpolated twitch size during a sustained MVC In the top and bottom panels, each point represents the mean + S.E.M. of data from six subjects. The initial point indicates the mean + S.E.M. of values from three brief MVCs for each subject, whereas each subsequent point consists of one value from each subject. The top panel shows the increment in force generated by a twitch evoked by motor-point stimulation of biceps brachii. Twitch force is expressed as a percentage of the voluntary force measured at the time of stimulus (bottom panel). The twitch force superimposed on the 3 min MVC increases progressively during the contraction. The middle panel shows typical raw traces of elbow torque recorded from one subject. Traces show the twitch response to the stimuli delivered at the start and each 30 s through the contraction. Each trace shows 25 ms prior to the stimulus and has been truncated after the peak of the twitch. Twitches have been aligned so that the dotted line crosses each trace at the moment of stimulation. The bottom panel shows the decline in voluntary force, expressed as a percentage of the initial maximal voluntary force, during the sustained MVC. Force was measured just prior to delivery of each stimulus during brief control MVCs and during the sustained contraction. Traces inset in the bottom panel show twitches elicited from the relaxed muscle before (trace on left) and after (trace on right) the sustained MVC. Their amplitudes are scaled to the percentage of initial MVC (i.e. y-axis). The decrease in amplitude of the control twitch after the sustained MVC shows the degree of peripheral fatigue. force-generating capacity was accompanied by an increase in the increment in force produced by the stimuli superimposed on the voluntary contraction. Thus, the mean force increment produced by the first stimulus during sustained contraction was 0 7 + 1P7 % of the control twitch force (before the sustained contraction), whereas the final superimposed twitch produced a much larger fraction (9 3 + 7 9%) of the force of the twitch which followed the contraction. Figure 1 shows examples of control and superimposed twitches in one subject. On average, subjects initially had greater than 99% voluntary activation of biceps brachii and this dropped to about 90 % by the end of a 3 min maximal effort. Despite the high initial level of voluntary activation (see Allen, Gandevia & McKenzie, 1995) , central fatigue occurred in all subjects.
Magnetic cortical stimuli evoked muscle 'twitches' during a sustained MVC in separate studies in the same subjects. Again, as the MVC progressed, the increment in force generated by the stimulus increased (Fig. 2) . At the end of the 2 min MVC, voluntary force decreased to 39-2 + 9-1 % r,e supply (n = 4). During recovery with the cuff inflated, the increments in force evoked by the cortical stimuli which were superimposed on brief MVCs, stayed at the same level as at the end of the sustained effort (18f0 + 7f1 % voluntary force at MVC end and 15 + 4f7 % 1 min later). Neither voluntary activation nor force improved while the muscle was held fatigued (Fig. 3, lower panel) . This contrasts with the behaviour of EMG responses to magnetic stimulation. Changes in the area of MEPs and the duration of the silent period during these experiments are illustrated in the upper panel of Fig. 3 and reported in detail in the preceding paper. Despite maintained ischaemia, evoked EMG responses quickly return to control levels at the end of the sustained contraction. Thus, the failure of voluntary activation during a sustained MVC (i.e. central fatigue) can be dissociated from the changes in the EMG responses to motor cortical stimulation.
DISCUSSION
Central fatigue refers to a progressive decline in the ability to activate muscles voluntarily and it is attributable to impairment at sites proximal to the neuromuscular junction. We have demonstrated, using twitch interpolation, that practised subjects generate close to their maximal evocable force in brief maximal efforts, but during sustained maximal efforts, they become progressively worse at activating biceps brachii. Thus, voluntary activation becomes less than optimal. However, twitch interpolation by motor-point stimulation gives no clue as to which levels of the central nervous system are involved in central fatigue.
The EMG responses that result from transcranial magnetic stimulation reflect changes in the behaviour of the motor cortex as well as more distal parts of the motor pathway. Both excitatory and inhibitory responses to transcranial stimuli are altered during sustained MVCs (Taylor et al. 1996) . We also report for the first time that cortical stimuli can generate additional muscle force despite maximal 'voluntary' activation. This suggests that subjects are sometimes unable to drive the motor cortex optimally by voluntary effort. If stimulation of the motor cortex produces no force in addition to a subject's voluntary output, some part of the motor pathway at, or distal to, the site of stimulation is operating at its maximal capacity. However, when we stimulated the motor cortex during sustained maximal elbow flexion, additional flexor force occurred. No part of the motor pathway from the motor cortex to the myofibril was operating at its limit despite maximal voluntary effort. Thus, some degree of fatigue occurred 'upstream' of the output of the motor cortex. (Garland, 1991; Balestra, Duchateau & Hainaut, 1992) . This may be due to inhibition of the afferent volley rather than the motoneurone (Duchateau & Hainaut, 1993) , but still suggests diminished spinal excitation by Ia afferents during a fatiguing contraction. Motoneurone firing rates are decreased and this is reflected in decreased maximal EMG in fatigued muscle (Garland & McComas, 1990 ). Yet, voluntary activation has been reported as optimal in some subjects despite evidence of decreased spinal excitability (Garland & McComas, 1990; Garland, 1991 
